Several biological changes characterize normal brain aging in humans. Although some of these age-associated neural alterations are also found in other species, overt volumetric decline of particular brain structures, such as the hippocampus and frontal lobe, has only been observed in humans. However, comparable data on the effects of aging on regional brain volumes have not previously been available from our closest living relatives, the chimpanzees. In this study, we used MRI to measure the volume of the whole brain, total neocortical gray matter, total neocortical white matter, frontal lobe gray matter, frontal lobe white matter, and the hippocampus in a cross-sectional sample of 99 chimpanzee brains encompassing the adult lifespan from 10 to 51 y of age. We compared these data to brain structure volumes measured in 87 adult humans from 22 to 88 y of age. In contrast to humans, who showed a decrease in the volume of all brain structures over the lifespan, chimpanzees did not display significant age-related changes. Using an iterative age-range reduction procedure, we found that the significant aging effects in humans were because of the leverage of individuals that were older than the maximum longevity of chimpanzees. Thus, we conclude that the increased magnitude of brain structure shrinkage in human aging is evolutionarily novel and the result of an extended lifespan.
Several biological changes characterize normal brain aging in humans. Although some of these age-associated neural alterations are also found in other species, overt volumetric decline of particular brain structures, such as the hippocampus and frontal lobe, has only been observed in humans. However, comparable data on the effects of aging on regional brain volumes have not previously been available from our closest living relatives, the chimpanzees. In this study, we used MRI to measure the volume of the whole brain, total neocortical gray matter, total neocortical white matter, frontal lobe gray matter, frontal lobe white matter, and the hippocampus in a cross-sectional sample of 99 chimpanzee brains encompassing the adult lifespan from 10 to 51 y of age. We compared these data to brain structure volumes measured in 87 adult humans from 22 to 88 y of age. In contrast to humans, who showed a decrease in the volume of all brain structures over the lifespan, chimpanzees did not display significant age-related changes. Using an iterative age-range reduction procedure, we found that the significant aging effects in humans were because of the leverage of individuals that were older than the maximum longevity of chimpanzees. Thus, we conclude that the increased magnitude of brain structure shrinkage in human aging is evolutionarily novel and the result of an extended lifespan.
T raits that distinguish humans from other primates include enlargement of the brain and increased longevity (1, 2) . Consequently, humans are unique among animals in being susceptible to certain neuropathologies, such as Alzheimer's disease, in the later stages of life (3) (4) (5) . Even in the absence of disease, however, healthy aging in humans is marked by variable degrees of neural deterioration and cognitive impairment (6) . Diffuse amyloid-β deposits, dendritic attrition, reduced synapse numbers, loss of NMDA receptors, and degeneration of myelinated axons have all been observed to preferentially affect regions of the human cerebral cortex that are involved in learning, memory, and executive function (7, 8) . These same changes also accompany normal senescence in other primate species and correlate with the disruption of cognition (3, 9, 10) .
In addition to these microstructural and molecular changes, in vivo MRI studies of humans have shown that aging also involves whole-brain volumetric decline, as well as selective regional shrinkage (11) (12) (13) . Within the cerebral cortex, the frontal lobe and hippocampus are especially vulnerable to age-associated atrophy (14) (15) (16) . In contrast to humans, however, such dramatic age-related reduction in the size of these structures has not been observed in macaque monkeys based on manual volume tracing studies (17) (18) (19) . More subtle volume loss of prefrontal cortex subregions (i.e., dorsolateral prefrontal cortex and anterior cingulate cortex) in macaques, however, has been reported (20, 21) . Because macaque monkeys and humans are separated by ∼30 million y of independent evolution, these species differences raise the question of whether the more pronounced effects of neurodegenerative changes in human aging are unique and potentially related to an extended lifespan.
An improved understanding of the neurobiology of aging in great apes (i.e., chimpanzees, bonobos, gorillas, and orangutans) would help resolve this issue. Unfortunately, there is a paucity of information from these species, despite the fact that they comprise our closest living relatives and have the longest lifespan of any nonhuman primate, potentially extending into their 60s under medical care in captivity (22) . Current evidence indicates that brain aging in great apes displays both similarities and differences from humans. For example, deposits of amyloid-β protein in the form of diffuse plaques and vascular lesions have been noted in the hippocampus and neocortex of aged chimpanzees, gorillas, and orangutans (23, 24) , and there is evidence of humanlike neurofibrillary tangles from a 41-y-old female chimpanzee (25) . Furthermore, one study of postmortem brain weight in chimpanzees found a minimal rate of decline over adulthood (26) . Despite these similarities, however, the majority of gene expression changes in the neocortex during aging have been found to differ among humans, chimpanzees, rhesus macaques, and mice (27, 28) , and humans are more vulnerable than great apes to agerelated neurodegenerative diseases, such as Alzheimer's disease, Parkinson disease, and other forms of dementia (3) .
In this study, we test the hypothesis that human brain aging patterns are a result of evolving a longer lifespan compared with the great apes. To do this, we examined whether chimpanzees display human-like age-related decline in the volume of regions of the cerebral cortex. We measured the total neocortical gray matter, total neocortical white matter, frontal lobe gray matter, frontal lobe white matter, and hippocampus in humans and chimpanzees from MRI using manual segmentation protocols that were similar in both species. The age ranges under investigation encompassed the adult lifespan for both species under natural conditions, extending into old age (29, 30) .
Results
The volumes of regions of interest (ROI) were examined using multiple regressions in each species separately. Each model included a term for sex and either linear, quadratic, or cubic polynomial regression terms for age. The models for each ROI were compared to determine the best fit to the volumetric data by evaluating the statistical significance of the age terms.
Humans. As has been shown in other studies, the humans in our sample exhibited a significant aging effect for all brain structure volumes that were measured (Table 1 ). Linear models were the best fit for the reduction of neocortical gray matter volume (significance of age effect: P < 0.001) and frontal lobe gray matter volume (significance of age effect: P < 0.001) with age ( Fig. 1) . The decline in total neocortical white-matter volume was best fit by a cubic age function (significance of age effect: P < 0.001), as was the decline in frontal lobe white matter (significance of age effect: P < 0.001) (Fig. 2) . Hippocampus volume loss was best characterized by a cubic model (significance of age effect: P = 0.003) (Fig. 1) . Additionally, there was a main effect of sex for all ROIs: males had larger brain structure volumes than females. To determine whether the frontal lobe and hippocampus ROIs showed a differential rate of age-related change in volume compared with the rest of the brain, we examined frontal lobe gray matter as a fraction of total neocortical gray matter, frontal lobe white matter as a fraction of total neocortical white matter, and the ratio of hippocampus volume over total neocortical gray matter. All ratios were logged before inclusion in regression models. These relative measures of frontal lobe gray matter, frontal lobe white matter, and hippocampus also showed decreases that were associated with aging (Table 2 and Fig. S1 ).
Chimpanzees. In vivo MRI of 69 chimpanzees revealed that total brain volume does not vary significantly with age from 10 to 45 y, and there is no interaction effect between sex and age (P = 0.369) ( Table 1 and Fig. S2 ). In contrast to humans, the total neocortical gray matter, frontal lobe gray matter, and hippocampus did not exhibit age-related changes in volume ( Fig. 1 and Fig. S3 ). In addition, neither the volume of the neocortical white matter nor frontal lobe white matter displayed significant associations with age ( Fig. 2 , Table 1 , and Fig. S4 ). All ROIs exhibited a significant main effect of sex in chimpanzees: males had larger volumes for all brain structures than females. Because the relative measures of frontal lobe gray matter, frontal lobe white matter, and hippocampus represent the proportional size of each structure within an individual, chimpanzee brains that were scanned postmortem and subject to fixation could also be included in these analyses. Based on the combined sample of in vivo and postmortem chimpanzee brains (n = 99; age range = 10-51 y), there was a significant age effect for relative frontal lobe white matter volume, but this measure did not decline over the lifespan (Table 2 and Fig. S1 ). No other relative measures of brain structure volumes showed a significant effect of age.
Chimpanzees may differ from humans in the variability of ROI size for a given age or sex. Therefore, we performed power analyses to determine the minimum sample of chimpanzees required to find statistical significance at α = 0.05 for an age effect equal to or greater than the age effect in humans for each regression model (effect size is measured as the proportional reduction of sum of squared residuals associated with the addition of age effects to a regression model without age effects; see SI Materials and Methods for more detail). According to these power analyses, the minimum sample sizes required to detect humanlike age effects for all ROIs were lower than the chimpanzee sample size (Table 1) . Thus, if aging effects in the chimpanzee sample were similar to humans, it is very likely that they would have been detected by our method. Moreover, although the current study is based on a comparatively small cross-sectional sample of chimpanzees, the prospect of obtaining longitudinal brain aging data for chimpanzees in the foreseeable future is remote; therefore, we regard our conclusions about chimpanzee brain aging to be justified relative to the human data in our analysis.
Human Longevity. Because humans and chimpanzees differ in their maximum longevity, we sought to examine the impact of an elongated lifespan in humans on the observed results. To do this, we applied an iterative age-range reduction procedure to the human sample (see SI Materials and Methods for details). For each significant model, the datapoint from the oldest individual in the series was removed and model coefficients were recalculated. This procedure was repeated until the P value of the model was no longer significant, providing a cutoff point at which the statistical effect of age on the brain structure volume was no longer evident. Results of this analysis are shown in Figs. 1 and 2 and Table 3 . Notably, all cutoff ages for the best-fit models in humans are substantially above the oldest age represented in the chimpanzee sample. For frontal lobe white matter, neocortical white matter, and hippocampus, the cutoff ages are in the seventh or eighth decade of life, and for frontal lobe gray matter and neocortical gray matter the cutoff ages are in the late fifth decade; all are well above the maximum potential age known for chimpanzees in the wild.
Discussion
We found that neurological aging in chimpanzees does not involve the same magnitude and pattern of widespread volumetric loss that characterizes humans. These phylogenetic differences suggest that humans may be uniquely vulnerable to age-related neurodegeneration, pointing to compromises that have been struck in the evolution of an enlarged brain and an extended lifespan. Proportional reduction of sum of squared residuals resulting from the addition of age effects to multiple regression models, where a value of 1 corresponds to a perfect fit between model and data, and a value of 0 indicates no improvement of model fit by including age effects. Before the addition of age effects, brain-region size is dependent on sex in humans, and is dependent on sex and MRI scan type in chimpanzees. P values given in parentheses correspond to F-tests to evaluate whether the addition of age effects significantly improve model fits. Boldface indicates best-fit model following procedure described in Materials and Methods; an asterisk indicates the age effect is significant at α = 0.05. Numbers in brackets are sample sizes derived from a power analysis: they indicate the minimum sample size required in the chimpanzee sample to detect as significant (at α = 0.05) an effect size as small as the effect size in the associated human model. Note that the chimpanzee sample exceeds those minimum sample sizes in all cases. All models reported here do not include interaction terms. Full models that included interactions between sex and age variables were also run; in all but two cases interaction terms were insignificant. For the cubic models for neocortical gray matter and neocortical white matter in humans, there was a significant interaction effect between age and sex for both models, although interactions between sex and higher order polynomials of age were not significant. For chimpanzee models, a categorical MRI scan type variable was also included (1.5 T vs. 3 T); in full models, interactions between MRI scan type and age were insignificant in all cases except the linear models for neocortical gray matter and frontal lobe gray matter. In the models reported here (with no interaction effects), the MRI scan-type coefficient was significant for all models except for the hippocampus and whole-brain models.
Brain Aging in Humans and Chimpanzees Compared. In normal human aging, decline in cognitive abilities affects numerous domains, including fluid reasoning, mental processing speed, episodic memory, and spatial ability (31) . Furthermore, studies of human postmortem brains have demonstrated degenerative changes in the microstructure of the neocortex with age. Specifically, dendritic arborization of pyramidal neurons and the number of synapses in higher-order association areas of the neocortex and hippocampus progressively deteriorate after ∼50 y of age (32) (33) (34) . Neuronal perikarya in the cerebral cortex also shrink in volume over the course of adulthood in humans (35) . Healthy brain aging, however, is not accompanied by substantial loss of neurons in the cerebral cortex of humans or other primates (8, (36) (37) (38) .
The severity of microstructural changes ultimately leads to gross volumetric decline in particular brain regions in the course of normal human aging. Our current results and those of other cross-sectional studies demonstrate that neocortical gray-matter volume decreases at a linear rate with age, whereas the hippocampus and cerebral white matter are relatively stable until approximately the sixth or seventh decade, after which there is a nonlinear acceleration of shrinkage (2, 15, 39, 40) . This general pattern has also been observed in longitudinal data (14, 41) . More subtle age-related alterations in the size of specific regions of the prefrontal cortex (i.e., anterior cingulate, orbitofrontal, and lateral prefrontal cortices) have been reported to occur earlier in life, preceding the shrinkage of the total frontal lobe and whole neocortex gray matter (42) .
In contrast to what is known from humans, extremely little data exist concerning age-related variation in brain morphology and cognition of chimpanzees or other great apes. A prior study of brain mass in chimpanzees over the lifespan found a minimal decline with age (26); we did not observe such a correlation in our Fig. 1 . Gray-matter ROIs versus age in chimpanzees and humans. Open symbols are females, closed symbols are males; for humans, solid line indicates best-fit curve superimposed on males, dashed line indicates best fit curve superimposed on females. Blue datapoints are individuals scanned at 3 T, all other individuals scanned at 1.5 T. Red datapoints are those individuals which are at the cutoff age or older (Table 3) .
data. This discrepancy may be explained by methodological differences between studies. Herndon and colleagues (26) analyzed the mass of 42 postmortem brains ranging in age at death from 7 to 59, whereas we analyzed data from 69 in vivo MRI scans from individuals ages 10 to 45 y. Thus, our sample may not represent effects on brain size among the most geriatric chimpanzees under captive care. Indeed, after removal of the four individuals in their sample above age 45, reanalysis does not indicate a significant relationship between brain mass and age (Pearson correlation: r = −0.131, P = 0.433, n = 38). Because chimpanzees in the wild usually die before they reach age 45 (29) , this finding suggests that brain size remains static throughout most of adulthood under natural conditions. In contrast, modern human foragers without access to medical services can potentially live into their 80s (30), yet overall brain size has been shown to decrease in humans between age 25 and 75, with an accelerated rate of reduction after the age of 50 (13) .
The current analysis of chimpanzees and previous studies of macaque monkeys have not found a humanlike decline in total neocortical gray matter, frontal lobe gray matter, or hippocampus volume (17, 18, 21) . Although functionally significant alterations in cortical morphology during aging are known to occur in nonhuman primates because of microstructural changes in dendritic systems and synaptic densities (8, 20, 21) , our current results indicate that humans are unique in the severity of structural degeneration of neocortical gray matter in elderly individuals, being so extensive and widespread that it is detectable as overt volume loss.
Cerebral white matter in humans also has been shown to undergo steep volumetric reduction after middle age (ages 40-50) (40, (43) (44) (45) . Because brain aging in primates involves degeneration of both axons and sheaths of myelinated nerve fibers (10), the resulting disruption of connectivity may explain the eventual loss of integrative coactivation among higher-order processing systems in the neocortex of the elderly (6). However, in contrast to humans, our analyses indicated that white matter volume in chimpanzees remains fairly stable with age. It is notable that the corpus callosum of chimpanzees has also been reported to maintain its cross-sectional area over adulthood (46) , whereas in humans it decreases in size during normal aging (47) . Taken together, these findings suggest that age-dependent changes in white matter may involve pathological processes that differ between humans and chimpanzees.
Evolutionary Implications. Aging in humans and chimpanzees differ from each other in several important ways. By their mid-30s, chimpanzees in the wild are physically frail, have heavily worn teeth, experience weight loss, and display reduced activity level (29, 48) . Nonetheless, females can retain fertility almost until the end of life, despite indications of lengthened cycles and oocyte depletion (48, 49) . Somatic aging in humans progresses more slowly than in chimpanzees (50), yet reproductive senescence in women, which is marked by menopause, occurs well before the end of life, at ∼50 y of age (51) . Thus, the age at which women's reproductive capacity ends is similar to the age at which chimpanzees and other great apes naturally die.
One hypothesized benefit of an elongated postreproductive lifespan in humans is that elderly grandmothers and other allocare helpers can provision and nurture dependent offspring, helping to subsidize the high caloric requirements to grow a large brain and reduce weaning time (2, 50, 52) . Although the benefits of extended longevity might increase fitness through intergenerational cooperative breeding to support brain growth in children, the results of the current study suggest that these adaptive solutions also create a unique setting in which humans undergo more progressive neurological aging compared with our close relatives, the chimpanzees. The molecular machinery of neurons has been shown to accrue pathological modifications in an age-dependent fashion, including the accumulation of ubiquitinated protein aggregates and reduced signaling through the insulin/IGF1 pathway (6) . In addition, the reduced transcription of mitochondrial genes is of particular relevance to human cortical aging (27) . Defective mitochondrial function may impair the efficiency of the electron transport chain, thereby increasing the generation and release of damaging reactive oxygen species. The accumulation of nuclear DNA damage during the aging process affects postmitotic cells, such as neurons of the central nervous system in a regional and cell type-specific manner (53, 54) .
In this regard, age-related mitochondrial dysfunction may have its greatest impact on cells that have the highest bioenergetic demand, such as the pyramidal neurons of the cerebral cortex. Microarray studies have demonstrated that increased expression of metabolic energy genes distinguishes the human neocortex from that of chimpanzees and other great apes (55) . Consistent with this idea, age-dependent up-regulation of oxidative-stress response and DNA damage repair genes have been found in studies of human prefrontal cortex (28) . Progressive oxidative damage can silence specific gene promoters, epigenetically transitioning them to a more repressive transcriptional state and leading to impairment of neuronal function (27) .
In humans, the compounded effect of a large brain with a metabolically expensive neocortex and a long lifespan appear to amplify the effects of cellular aging processes that are common to other mammals, resulting in more pronounced pathogenesis. Furthermore, these interactions may explain the unique vulnerability of human neocortical gray matter and hippocampus volume to such striking deterioration with age. Although an enlarged brain and extended lifespan have conferred decisive fitness benefits to humans, ultimately these adaptations come at a cost. These factors combine in the later stages of life to beset many of the elderly of our species with the effects of intensified neurodegeneration.
Materials and Methods
Subjects and MRI Scanning. Chimpanzees. In vivo MRIs, using either a 1.5 T or 3 T scanner, were obtained from 69 captive chimpanzees ranging in age from 10 to 45 y, including 29 males (10-44 y of age) and 40 females (10-45 y of age). All of the chimpanzees were members of a captive colony housed at Yerkes National Primate Research Center in Atlanta, Georgia; this research was approved by their institutional review board. Only individuals over 10 y of age were used in this study to ensure that our sample represented subjects that had reached sexual maturity and had completed juvenile brain growth (26, 56) . For analysis of relative ROI volumes, we included an additional 30 postmortem chimpanzee brains (10-51 y of age), which had been scanned at 3 T. These postmortem brains were not used in analyses of absolute volumetric changes because of concerns with unknown shrinkage artifacts from fixation. Humans. For comparison with the chimpanzees, we used in vivo 1.5 T MRI data of 87 adult humans from individuals aged 22 to 88 y of age. All subjects gave informed consent in accordance with relevant institutional and federal ethical regulations. The details of the human sample have been reported previously (13) . Subjects included 43 men (22-88 y of age) and 44 women (23-74 y of age). All were right-handed (assessed by the Oldfield-Geschwind handedness inventory; mean score = 95, SD = 11), healthy, and with no history of neurological or psychiatric illness. Subjects older than 60 y were assessed by interview on a case-by-case basis for general health status and medication use. None had a clinical history of heart disease, hypertension, diabetes, or any other common age-associated disease.
All brain MRIs from both species were screened for the presence of visible pathology. Full details of the age and sex distribution of the sample can be found in Dataset S1 and details about the MRI scanning procedure can be found in SI Materials and Methods.
Volumetric Measurements. Measurements of neocortical gray matter, neocortical white matter, frontal lobe gray matter, frontal lobe white matter, and hippocampus were performed for each hemisphere using similar manual segmentation protocols in both species. Before tracing ROIs, brains were realigned, but not resized, along a plane running through the AC-PC line. This realignment limited right-left rotation, and ensured that coronal slices used in the tracing of ROIs were perpendicular to a uniformly and ana- Proportional reduction of sum of squared residuals associated with addition of age effects (as explained in Table 1 ) for analyses of relative brain region size. Before the addition of age effects, relative brain-region size is dependent on sex in humans, and is dependent on sex and MRI scan type in chimpanzees. All of the models reported here do not include interaction terms. Abbreviations follow Table 1 . Boldface indicates best-fit model following procedure described in Materials and Methods; an asterisk indicates the age effect is significant at α = 0.05; em-dash indicates no data. † Significant interaction between sex and age; regression model run separately within each sex. PM, postmortem. ‡ Significant interaction between MRI scan type and age variables; regression model run separately within each MRI scan type. When datapoints older than or equal to the cutoff ages are removed, age is no longer significantly associated with brain region size. Boldface values indicate the best-fit models identified in Table 1 . Cutoff ages and associated P values are identified using the two methods described in Materials and Methods; values in parentheses are for the method using degrees-offreedom based on the full human sample size (maximum age = 88, n = 87). A dash indicates that the age effect remains significant even at the smallest possible sample size for which model parameters could be calculated (n = 7, with one brain at age 22 and six brains at age 23) when the model is evaluated as if it had the full sample size of n = 87.
tomically defined axis of the brain in all subjects. Details about the volumetric measurements can be found in SI Materials and Methods.
Statistical Methods. Human regression models all included sex and age terms, with three versions of the regression model including a single age term (linear), and additional second-order polynomial age term (quadratic), or an additional second-and third-order polynomial term (cubic). For chimpanzees, each regression model included an additional term for MRI scan type (in vivo 1.5 T, in vivo 3 T, or postmortem 3 T). Models reported here do not include interaction effects, although full models including interactions between sex and all age variables (as well as between scan type and all age variables for chimpanzees) were run to determine whether interaction effects were significant. To test whether age affects were significantly associated with brainregion size, F ratios were used to compare models including the age terms to models without age (i.e., with only sex or sex and scan type as independent variables). In the case of linear models, the resulting P value was identical to the P value for the age coefficient; in the case of quadratic and cubic models the resulting P value corresponds to combined significance of adding all of the age terms to the model. A power analysis was used to determine the minimum sample size required in the chimpanzee sample to detect humanlike age-related decreases in brain region size as significant at α = 0.05. An iterative age range reduction procedure was applied to the human sample to determine the extent to which associations between brain-region size and age were driven by the oldest individuals in the sample. See SI Materials and Methods for more information about the statistical methods.
